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Abstract: A water-injection experiment was performed on a water-wet reservoir core plug that was filled with brine first and
then displaced by synthetic oil. A X-ray Computed Tomography (CT) was used to take snapshots of the process of oil-water
displacement at predefined time intervals to characterize the distribution of remaining oil. The quasi-real time images were used
to understand the pore-scale phase displacement mechanisms and the distributional pattern of the remaining oil. Four forms of
the distributional patterns, i.e. network, porous, isolated and film shape, were observed and analyzed with respect to the injected
pore volumes (PV). The results show that with the increased level of water injection, the volume of the oil phase continuously
decreases, and the morphology of the oil phase changes from initial continuous network-like to film shape forms. At 15 pore
volumes (PV), the network-like remaining oil disappears and transforms into isolated and film-like forms. The statistics of the
volume for each form of the remaining oil show that the isolated blobs increase with increasing water injection, by contrast, the
average volume of the remaining oil decreases with increasing water injection. The rate of volumetric changes is fast before 5
PV but slow in the later period.
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1. Introduction
The recent release of BP “World Energy Outlook” reveals
that the global energy demand is expected to grow by 30%,
fossil fuels are predicted to dominate the world energy in
the next 20 years, accounting for at least three-quarters of
energy supply (BP, 2017a), and oil still remains as the leading
fuel, accounting for a third of global energy consumption (BP,
2017b). Enhancing oil recovery (EOR) from the existing fields
is considered as a key technology to meet the need, and calls
for better understanding of pore-scale physical processes that
are responsible for trapping of oil in pore space of reservoir
rocks in presence of other reservoir fluids. Recent advance
in X-ray Computed Tomography (CT) has made it possible
to observe fluid phase displacements in the pore structures
of real reservoir rock samples. As a result, CT has now
become an indispensable tool to understand competing phase
displacement mechanisms and to characterize fluid phase
configurations in laboratory setups that mimic reservoir in-situ
conditions and reservoir operational conditions (Sedgwick and
Miles-Dixon, 1988). There has been a surge of applications of
CT technology in this specific area (Bekri et al., 2005; Arns
et al., 2007; Yao et al., 2013; Yang et al., 2015; Arzilli et al.,
2016; Yang et al., 2016a; Yang et al., 2016b), and this trend
is expected to continue along with the improvement of CT
technology and experimental techniques to study fluid phase
displacements in more geologically complex reservoirs (e.g.
high-temperature and high-pressure reservoir).
In EOR, morphology, configuration and migration of the
remaining oil at a high water-cut are of primary concern in
oil field development. CT has been widely used to observe
multiphase fluid flow in rock (Auzerais et al., 1991; Akin
and Kovscek, 1999; Akin et al., 2000; Krummel et al., 2013;
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Fig. 1. Schematic diagram of a typical lab-based micro-CT setup with a conical X-ray beam that allows geometrical magnification (Cnudde and Boone,
2013).
Wildenschild and Sheppard, 2013; Berg et al., 2014; Pak et al.,
2015; Norouzi Apourvari and Arns, 2016; Tsuji et al., 2016).
The quantitative characterization of flow through a porous
medium was carried out (Auzerais et al., 1991), a systematic
investigation of fluid flow characteristics within diatomite was
performed using CT (Akin et al., 2000), the effect of the pore
size distribution on the displacement efficiency of multiphase
flow in porous media was studied (Yang et al., 2016a),
and the multiphase-flow properties of fractured porous media
were studied using a laboratory flow apparatus in fractured
sandstone systems (Rangel-German et al., 2006), these are the
foundation for the quantitative characterization of remaining
oil.
The remaining oil in the swept zone of a displacement is
often taken as the target oil for enhanced recovery processes
(Chatzis et al., 1983). However, what kind of distribution of
remaining oil generally appears, and what kind of remaining
oil has potential for exploitation, need to be further studied.
Therefore, a thorough understanding of transport properties
in porous materials and their dependence on pore geometry
is critical (Cai et al., 2010; Wei et al., 2015; Cai et al.,
2017a; Cai et al., 2017b). Several measurements of the oil
cluster distribution have been performed in many papers. In
the earliest studies, clusters of all size were observed, with
approximately power-law distributions (Iglauer et al., 2012).
It had been found that cluster size can range from a single pore
to multiple-pore configurations (Karpyn et al., 2010; Kumar
et al., 2010; Iglauer et al., 2013). The blob size was directly
related to the viscous force, and the blob surface area and
volume had an impact on the mass transfer characteristics of
the system (Al-Raoush and Willson, 2005). More recently,
a tendency for remaining non-wetting-phase saturations to
increase as the porosity decreased was noted. This was related
to a strong relationship between trapping and aspect ratio
(Al-Raoush, 2014). The trapping oil has been measured in
pore-scale experiments, but these do not obtain a consistent
understanding of morphology change of trapped cluster.
Our study uses the core of the oil field, with the help of CT,
to conduct the oil-water displacement experiments in quasi-
real time. In this process, the internal structure of the core
will not be changed, and then, we can understand the forming
mechanism and distribution pattern of microscopic remaining
oil, as well as visually display the oil-water distribution of the
different displacement processes at the microscopic scale to
provide a basis for tapping the potential of remaining oil.
2. Construction of a digital core based on CT
scanning
2.1 CT scanning method
The CT equipment is mainly composed of the following
three parts: a. the scanning part, including the X-ray source,
detector and scanning frame; b. computer system to store and
work with the collected scanning data; and c. image displaying
and storage system.
The principles of µ-CT scanning have been thoroughly
described by Cnudde et al. (Cnudde and Boone, 2013) and are
shown in Fig. 1, where the X-ray source emits radiation to pass
through the sample; the intensity of the X-ray will decay. Then,
the signal is received by the detector. Finally, the received
signal is processed. From a mathematical perspective, Kak
Avinash C et al. and Natterer et al. described the mechanism
of CT in detail (Kak and Slaney, 2001; Natterer, 2001; Kak
et al., 2002).
And the applications of µ-CT are wide, including dig-
ital core analysis and pore-network modeling (Arns et al.,
2007; Carpenter, 2015); machined fragments of a number
of core plugs using a high resolution X-ray micro-computed
tomography (micro-CT) facility (Arns et al., 2005); pore-scale
imaging and modeling for digital core analysis (Blunt et al.,
2013), REV identification (Gao et al., 2014), which make great
contributions on constructing and analyzing the digital core.
The CT machine used in this paper is the MicroXCT-400
machine from the China University of Petroleum (East China).
2.2 CT scan of a dry rock sample
In order to determine the initial pore space and to prepare
for the image segmentation when the core is saturated by fluid,
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Fig. 2. Reconstructed gray digital core (the resolution of the fine scan is 3.78 µm/pixel); the left 2D picture (1024×1024 pixels2) is a slice of the 3D core
sample, the size of the 3D extracted subvolume is 1.13 mm×1.13 mm×1.13 mm.
(a) (b)
Fig. 3. Three dimensional digital core (the gray is the skeleton, the blue is the pore phase; the skeleton phase is eliminated in (b)); the size is 1.13 mm×1.13
mm×1.13 mm.
Table 2. Core sample data.
Core name Length (mm) Gas permeability (mD) Porosity (%) Diameter (mm) Volume (mm3)
7-3-2# 27.1 430.03 22.76 9.0 1723.2
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Fig. 4. Installation flow chart of laboratory equipment.
we scan the dry rock sample first.
Take the 7-3-2# core and place the core into a thermostat
at a constant temperature of 100◦C for 24 hours so that it
fully dries. Place the core into a core holder; CT scanning is
used to obtain an accurate and complete pore structure of the
dry core (Ioannidis et al., 1995; Hou et al., 2007; Hajizadeh
et al., 2011; An et al., 2016; Bultreys et al., 2016; Yang et al.,
2016a). It is important to note that the scanning resolution of
this study is 3.78 µm/pixel, and the reconstructed 3D gray
digital core is shown in Fig. 2.
2.3 Constructing digital cores of pores based on CT
scanning
For the three-dimensional gray-scale images shown in Fig.
2, image processing is performed by software (Ioannidis et al.,
1995; Hou et al., 2007; Xu et al., 2013; Shah et al., 2016),
and the middle rectangular portion is extracted as the study
area.
First, the images are denoised and smoothed, and this
is favorable for distinguishing between oil and water. Then,
segment the images to obtain the oil and water distribution
for each section, and further visualize the three-dimensional
distribution of oil and water.
Based on this, the corresponding three-dimensional digital
core is constructed, as shown in Fig. 3. To strengthen the
recognition degree of the pores, the skeleton phase is elim-
inated, and the result is shown in Fig. 3(b).
By calculating, we know that the porosity and the perme-
ability of the digital core are 20.7% and 412.4 mD respectively,
and its comparatively close to the measured porosity in Table
2.
3. Experiment of oil-water displacement over
quasi-real time
The experimental apparatus are shown in Fig. 4. To control
the influence of the external conditions (mainly temperature)
on the experiment, this study controls the temperature at 24◦C.
This study also uses a special carbon-fiber core holder with
the corrosion resistance and a low density. The most important
feature is that the X-ray penetration is good, which produces
high quality images during the entire experiment.
3.1 Preparation for the experiment
(1) Preparation of simulated oil. When the temperature is
24◦C, equilibrate the simulated oil viscosity with that of oil
from the reservoir.
(2) Brine mixing. Reference the salinity of the reservoir
formation water, by using distilled water to adjust the salinity
of the NaHCO3 type brine solution to 12600 mg/L. The
composition of the simulated formation water is shown in
Table 1.
Besides, the iodide ion can help for the separation of water
phase and oil phase, so we used KI with a mass fraction
of 10%. KI has higher relative molecular weight and X ray
attenuation coefficient, which can improve the contrast of
water phase and oil phase in the images.
(3) Core processing. In this experiment, we carry out
washing and drying of the 7-3-2# core first, and then followed
with cutting and flattening of the cutting face. Additionally, ph-
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Fig. 5. Experimental flow chart.
Table 1. Simulated formation water composition.
Total mineralization, mg/L 10700
Viscosity, mPa·s 1.2
Water type NaHCO3
HCO−3 , mg/L 2000
CL−, mg/L 4312.24
SO2−4 , mg/L 960
Ca2+, mg/L 45.3
Mg2+, mg/L 33.5
K+ + Na+, mg/L 5257.77
ysical measures on the core length and other basic data were
taken. The results are shown in Table 2.
3.2 Experimental process
The experimental process is shown in Fig. 5.
Step I: Scanning dry rock sample; this step was completed
in section 2.2.
Step II: Pre-saturation, allows the core to be saturated by
salt water to simulate the original state when the reservoir is
not invaded by oil. After the end of the pre-saturation, the core
is scanned. At this point, the only fluid in the core is water,
which helps to separate and identify the remaining oil for the
subsequent steps.
Step III: Oil flooding, i.e., simulation of reservoir forma-
tion, when oil flooding is completed, simulate the oil aging
stage and use the results to restore the wettability of the rock.
When the aging is complete, CT is used to scan the core.
Step IV: Water flooding simulates the oil field production
process. Experiments were carried out at a small step size, and
the quasi-real-time images were scanned after 1 PV, 5 PV, 15
PV, 50 PV (residual oil). After the start of the experiment,
read and record the pressure and volume of the fluid every 30
minutes.
4. Results and discussion
4.1 Experimental core data
The basic data for the experimental core, as shown in Fig.
6, are as follows: the core diameter is 9.0 mm, length is 27.1
mm, volume is 1723.2 mm3, dry weight is 4.003 g, wet weight
is 4.421 g. Its easy to calculate the porosity measured by
water, and the porosity is 22.17%, which is very close to the
value 22.76% in the Table 2. This shows that the rock is fully
saturated with water.
4.2 Three-dimensional remaining oil distribution
When oil flooding is performed, the oil and water distribu-
tions of the core are determined, as shown in Fig. 7 (the size
of the 3D extracted subvolume is 1.13 mm×1.13 mm×1.13
mm). The pore space is almost completely filled with oil, and
the saturation of bound water is 25.8%.
According to the CT scanning results of water flooding,
the distributions of oil and water in the core are reconstructed
with 1 PV, 5 PV, 15 PV and 50 PV injection multiples. The
results are shown in Fig. 8. By observing the 3D distribution
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Fig. 6. 7-3-2# core sample from the oilfield.
Fig. 7. Oil and water distributions of core 7-3-2# (the size of the 3D extracted
subvolume is 1.13 mm×1.13 mm×1.13 mm).
of oil and water in the core, it is easy to show that with the
progress of water flooding, the total volume of oil decreases,
the state of which is changed from a continuous phase to
a dispersed phase, and the remaining oil is minimal after
flooding.
4.3 Dynamic evolution and quantitative analysis of
the remaining oil
4.3.1 Quantitative characterization of remaining oil
The remaining oil is divided into non-connected pieces,
and the volume and area of the remaining oil are calculated
in different injection multiples.
(1) The number of remaining oil blobs at different dis-
placement times shows the dispersion degree of the remaining
oil in different injection multiples. Calculating the single blob
volume of the remaining oil so that the percentage of different
forms of the remaining oil can be calculated (Al-Raoush
and Willson, 2005), i.e., the proportion of the network and
porous, isolated and film shapes with different degrees of water
flooding is calculated.
(2) By calculating the average volume of the remaining
oil clusters, it is possible to understand the effect of water
injection on the microscopic displacement of the remaining
oil.
−
V=
n∑
i=1
Vi (1)
In formula (1),
−
V is the average volume of the remaining
oil in the single blob, n is the number of remaining oils in
the study area, and Vi is the remaining oil volume of the ith
blob.
4.3.2 Classification of different types of remaining
oil
From the reconstructed images, it is not difficult to see,
at different displacement times, that there are variable forms
of remaining oil. Thus, the three-dimensional shape factor
G is used to determine the quantitative distribution, and the
computation formula is shown in formula (2) (Prodanovi et
al., 2007). The microscopic morphology of the remaining oil
is divided into network, porous, isolated and film shape, as
shown in Table 3.
G =
6
√
piV
S1.5
(2)
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(a) (b)
(c) (d)
Fig. 8. 3D distribution of the remaining oil in different flooding stages (the size of 3D extracted subvolume is 1.13 mm×1.13 mm×1.13 mm).
Table 3. Range of shape factor G.
Remaining oil type Range of shape factor G
network G< 0.01
porous 0.01 <G<0.1
isolated 0.1 <G<0.3
film shape G> 0.3
In formula (2), S is the surface area of the single remaining
oil and V is the volume of remaining oil.
The remaining oil in the network and porous forms is
shown in the Fig. 9.
The remaining oil of isolated form (a) and oil film form
(b) is shown in Fig. 10.
4.3.3 Dynamic evolution of the three-dimensional
remaining oil distribution
The distribution of remaining oil is analyzed after the
core is saturated with oil. It is not difficult to find that
with continuous water flooding, the form of remaining oil
changes constantly. Initially (when the core is saturated with
oil), the remaining oil is mainly composed of large network-
like clusters. With continuous water flooding, the network-like
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(a) (b)
Fig. 9. Remaining oil of network form (a) and porous form (b).
(a) (b)
Fig. 10. Remaining oil of isolated form (a) and oil film form (b).
Fig. 11. Evolution process of the three-dimensional remaining oil distribution.
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Table 4. Change of the saturation and displacement efficiencies.
Water flooding time Oil saturation, % Oil displacement efficiency, %
Saturated oil 74.2 Saturated oil
1 PV 52.3 29.5
5 PV 34.9 53.0
15 PV 28.7 61.3
50 PV 26.9 63.7
remaining oil continues to decrease and changes to a porous
shape. Ultimately, the shape changes to isolated and thin oil-
Fig. 12. Variation of oil saturation with water injection multiples.
film shapes, which are difficult to displace. The dynamic
evolution of the remaining oil distribution is simply shown
in Fig. 11.
(1) Change of the remaining oil saturation
The remaining oil saturation and oil displacement effi-
ciency changes are shown in Table 4 and Fig. 12; it is easy to
observe that the initial oil saturation is high. With continuous
water flooding, oil saturation decreases significantly. After
displacement of 10 PV, the value decreases slowly. At the
displacement of 50 PV, the remaining oil is almost impossible
to displace; thus, the saturation of residual oil is 26.9%.
(2) Number of remaining oil blobs and the average volume
at different injection multiples
It is not difficult to see from Fig. 13 that by increasing
the water injection multiples, the remaining oil blobs also
increased. Initially, there are 556 remaining oil blobs, but
at the displacement of 50 PV, the remaining number of oil
blobs increases to 1109. By contrast, the average volume
of remaining oil decreases with increasing water injection
multiples. This decrease is significant before 5 PV, it is very
slow in the later period, and the total displacement efficiency
is 85.1%.
(3) Distribution of remaining oil in different forms
From Fig. 14, according to the volume ratio distribution
of different forms of remaining oil, it can be seen that,
initially, the forms of the oil mainly become network shape.
With continuous water flooding, the network-like remaining
oil continues to decrease and change to a porous shape. At 15
PV, the network-like remaining oil disappears and transforms
Fig. 13. Change of the remaining oil average volume and blob number.
Fig. 14. Volume ratio of the remaining oil distribution in different forms.
into isolated and film-like forms that are difficult to displace.
At 50 PV, the remaining oil is mainly porous and isolated,
with some film-like remaining oil.
The remaining oil in the form of a network mainly appears
before the water flooding period; its volume is larger than that
of other shapes of the remaining oil, and its structure is more
complex. With continuous water flooding, the network-like
remaining oil will decrease and even disappear. The remaining
oil in the network and porous forms is shown in the Fig. 9.
When water flooding begins, the network-like remaining oil
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breaks up, and with continuous water flooding, the remaining
oil presents mainly porous shape.
Isolated remaining oil generally refers to the remaining oil
present in single pore that is difficult to reach with water.
However, due to water flooding and the effect of water on
formation, some of the remaining oil can be reached. Oil-film
shape remaining oil, referring to the remaining oil attached to
a rock surface in the form of oil film, is also difficult to mine.
Remaining oil of isolated form (a) and oil film form (b) is
shown in Fig. 10.
5. Conclusions
(1) Through CT technology, we carry out a quasi-real time
experiment of oil and water flooding. With the premise of not
destroying the internal structure of the core, the distributions
of different fluids in the pores are obtained by scanning the
core. The three-dimensional reconstruction technique is used
to reconstruct water and remaining oil in different forms to
intuitively simulate the water and oil distributions of the whole
process from the beginning to the high water cut.
(2) The remaining oil of a single blob is taken as the
research object, and the volume and surface area of single re-
maining oil at each displacement time are calculated. Accord-
ing to the statistical results, the remaining oil blobs increase
with the increasing of water injection multiples. Initially, the
remaining oil blobs are total 556, but at a displacement of
50 PV, the number of remaining oil blobs increases to 1109.
By contrast, the average volume of remaining oil decreases
with increasing water injection multiples. The decrease is
significant before 5 PV; it is very slow in the later period,
and the total displacement efficiency is 85.1%.
(3) Through the volume ratio distribution of different forms
of remaining oil, it can be seen that, initially, the forms of
the oil mainly present network shape. With continuous water
flooding, the network-like remaining oil continues to decrease
and changes to porous shape. At 15 PV, the network-like
remaining oil disappears and transforms into isolated and
film-like forms that are difficult to displace. At 50 PV, the
remaining oil is mainly porous and isolated, with some film-
like remaining oil.
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